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Repetitive antigen stimulation by prime-boost vacci-
nation or pathogen reencounter increases memory
CD8+ T cell numbers, but the impact on memory
CD8+ T cell differentiation is unknown. Here we
showed that repetitive antigen stimulations induced
accumulation of memory CD8+ T cells with uniform
effector memory characteristics. However, genome-
wide microarray analyses revealed that each addi-
tional antigen challenge resulted in the differential
regulation of several hundred new genes in the
ensuing memory CD8+ T cell populations and, there-
fore, in stepwise diversification of CD8+ T cell tran-
scriptomes. Thus, primary and repeatedly stimulated
(secondary, tertiary, and quaternary) memory CD8+
T cells differed substantially in their molecular signa-
ture while sharing expression of a small group of
genes andbiological pathways,whichmayconstitute
a core signature of memory differentiation. These
results reveal the complex regulation of memory
CD8+ T cell differentiation and identify potential new
molecular targets to dissect the function of memory
cells generated by repeated antigen stimulation.
INTRODUCTION
After the resolution of an acute infection, memory CD8+ T cells
protect from reinfection with the same or related intracellular
pathogens (Butz and Bevan, 1998; Harty and Badovinac, 2008;
Lefranc¸ois, 2006; Wherry et al., 2003). A plethora of pathogens
including malaria sporozoites, influenza, and herpes viruses
infect humans repeatedly, and memory CD8+ T cells bear the
potential to protect hosts from all of these infections (Appay
et al., 2008; McGill et al., 2008; Schmidt et al., 2008). In addition,
some viruses (Epstein-Barr virus, cytomegalovirus) cause per-
sistent, lifelong infections characterized by transient episodes128 Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc.of antigen expression (Reeves and Sinclair, 2008). In this setting,
reactivated memory CD8+ T cells play an essential role in con-
taining the viruses and preventing systemic dissemination.
These examples demonstrate that CD8+ T cells are likely to
encounter their cognate antigen more than once and highlight
the need to understand the function of memory CD8+ T cells
that have undergone multiple rounds of antigen stimulation.
In addition to their essential role in controlling acute infections,
vaccine-stimulated CD8+ T cells hold great potential for the
prevention of infectious diseases (Appay et al., 2008; Miller
et al., 2008; Seder et al., 2008). After vaccination, the superior
protective capacity of memory CD8+ T cells is closely linked to
their increased abundance in both lymphoid and nonlymphoid
organs, and as a consequence much effort has been devoted
to identifying strategies that increase the absolute numbers of
memory CD8+ T cells (Harty and Badovinac, 2008; Schmidt
et al., 2008). Among these strategies, prime-boost regimens
are often used because of their ability to elicit large numbers of
memory CD8+ T cells (Badovinac et al., 2005; Woodland,
2004). The impact of this repeated antigen exposure on memory
CD8+ T cell differentiation has not been addressed in detail, and
it is unclear whether repeatedly stimulated memory CD8+ T cells
are similar to primary memory CD8+ T cells in terms of phenotype
and function.
A few recent studies have attempted to close this knowledge
gap by stimulating memory CD8+ T cells multiple times with
heterologous infections expressing the same antigen (Jameson
and Masopust, 2009; Masopust et al., 2006; Vezys et al.,
2009). These studies show that multiple antigen encounters
markedly impact memory CD8+ T cell lineage, phenotype, and
function. In the current study, we therefore sought to analyze
the impact of multiple rounds of antigen stimulation on the
differentiation of memory CD8+ T cells via a whole-genome
microarray. Using an adoptive transfer system and homologous
infection to generate highly pure splenic memory CD8+ T cell
populations with a precisely defined history of antigen encoun-
ters, we show that every additional antigen stimulation (primary
to quaternary) leads to an increase in the number of differentially
regulated genes and thus to further differentiation of memory
CD8+ T cells. As a consequence of this continuous differentiation
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Figure 1. Repeated Antigen Stimulation Impacts Memory CD8+ T
Cell Kinetics and Homeostatic Proliferation
Naive (53 102) or memory (63 104) Thy1.1 OT-I T cells were adoptively trans-
ferred into naive Thy1.2 C57Bl/6 recipient mice prior to infection with 5 3 106
CFU of attenuated LM-OVA.
(A) OT-I T cell responses (percent of OT-I T cells) in peripheral blood (PBL).
Data are mean ± standard deviation (SD) for 3–10 mice per group per time
point.
(B) Percentages of OT-I T cells in PBL were normalized to the expansion peak
at day 7 for each individual group. Data are means of 3–10 mice per group per
time point.
(C) Proliferation of memory cells was determined by BrdU incorporation
(day 70–84). Bar graphs represent the percentage of BrdU+ OT-I T cells in
spleen (mean ± SD, n = 5).
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T cell populations that possess a unique repertoire of regulated
genes and biological pathways.
RESULTS
Experimental Model
The analysis of memory CD8+ T cell populations after multiple
rounds of antigen stimulation requires an approach allowing for
the detection and isolation of highly pure populations with a
defined number of antigen encounters. Repeated infection of
a host with the same infectious agent is likely to result in (1) rapid
clearance of the pathogen by memory B and T cells, (2) incom-
plete recruitment of the existing memory CD8+ T cells, and (3)
recruitment of new naive CD8+ T cells and, therefore, the gener-
ation of heterogeneous memory CD8+ T cell populations.
Furthermore, memory T cells extracted from distinct anatomical
locations may differ in phenotype and function (Jameson and
Masopust, 2009). Prime-boost regimens with heterologous
infections bear the potential to efficiently boost large numbers
of preexisting memory CD8+ T cells (Vezys et al., 2009), but the
employment of different pathogens may complicate direct
comparison of the memory CD8+ T cell populations in terms of
gene expression and function.
To circumvent these complications, we employed an adoptive
transfer approach to compare memory cell populations from the
major secondary lymphoid organ, the spleen. Physiologic
numbers (53 102) of naive Thy1.1 OT-I CD8+ T cells (Badovinac
et al., 2007) were transferred into Thy1.2 hosts, which were then
challenged with an OVA257-expressing strain of Listeria monocy-
togenes (attenuated LM-OVA) (see Figure S1A available online).
More than 70 days after the infection, 6 3 104 primary (1)
memory OT-I CD8+ T cells from the spleen were again adoptively
transferred, whereas another group of mice received naive OT-I
CD8+ T cells prior to LM-OVA challenge. These transfers were
repeated until primary (1), secondary (2), tertiary (3), and
quaternary (4) memory CD8+ T cell populations could be
studied simultaneously. The use of low numbers of adoptively
transferred naive and memory CD8+ T cells ensured that all
OT-I CD8+ T cells detected after infection had expanded in
response to LM-OVA infection while still permitting longitudinal
analysis of each responding population.
Repeated Stimulation Generates Memory CD8+ T Cell
Populations with Uniform Effector Memory Phenotype
and Function
As previously described (Badovinac et al., 2007), attenuated LM-
OVA infection stimulated robust proliferative expansion of naive
OT-I T cells, which peaked at day 7 and then underwent rapid
contraction to memory numbers (Figures 1A and 1B). 1, 2,
and 3 memory cells also proliferated in response to attenuated
LM-OVA infection (Figure 1A). However, the stimulation history
of these input memory cell populations had a clear impact on
the magnitude of each response, which decreased as the
number of antigen exposures increased (Figure 1A; Figure S1B).
Consistent with our previous report (Badovinac et al., 2003), 1
memory OT-I responding to antigen for the second time under-
went delayed contraction compared to naive OT-I undergoing
a primary response, and this delayed contraction was furtherexacerbated in 3 memory populations undergoing a quaternary
response to infection (Figure 1B). However, the degree of
contraction was similar for all populations when analyzed at
a late memory time point (120 days, Figure 1B). Although our
data did not permit analyses of individual cells, long-term
survival of memory CD8+ T cell populations was apparently
dependent on the number of antigen exposures (Figures S1C
and S1D). Further analyses revealed substantial decreases in
basal proliferation rates from 1 to 4 memory CD8+ T cells (Fig-
ure 1C), which may account for reduced survival of repeatedlyImmunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc. 129
CBA Figure 2. Repeated Antigen StimulationImpacts Memory CD8+ T Cell Phenotype,
Function, and Tissue Distribution
(A) Phenotype of OT-I T cells in the spleen 90 days
post infection. Numbers inside dot plots represent
the percentage of cells positive for the indicated
molecules.
(B) Peptide-stimulated intracellular cytokine stain-
ing of OT-I T cells from spleen. Numbers represent
the percentage of OT-I T cells that stain positive for
a given cytokine combination.
(C) OT-I T cell frequency in total CD8+ T cells in
tissues was normalized to the frequency in PBL.
Data are mean ± SD for three mice per group.
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lation results not only in a progressive decrease in proliferative
capacity of the ensuing memory CD8+ T cell populations but
also in a change to their rate of contraction and ability to survive.
Memory CD8+ T cells emerging after acute infections are
currently classified into effector (Tem) or central (Tcm) lineages
according to the surface expression of CD27, CD62L, and
CCR7 and their ability to secrete IL-2 after peptide stimulation
(Hikono et al., 2007; Sallusto et al., 1999). To assess lineage
commitment in repeatedly stimulated memory CD8+ T cells,
we analyzed the memory CD8+ T cell phenotype 90 days after
infection. Surface expression of CD62L and CD27 decreased
progressively from 1 to 4 memory CD8+ T cells (Figure 2A).
All four memory CD8+ T cell groups efficiently produced IFNg
and TNFa in response to in vitro peptide stimulation; however,
IL-2 production decreased substantially with the number of130 Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc.antigen exposures (Figure 2B). Consis-
tent with their phenotype, repeatedly
challenged memory CD8+ T cells were
excluded from lymph nodes and accumu-
lated in tertiary tissues (Figure 2C). These
results extend previous reports that
showed that secondary and tertiary
antigen challenges alter lineage commit-
ment in favor of Tem cell populations
(Jabbari and Harty, 2006; Masopust
et al., 2006; Vezys et al., 2009). Impor-
tantly, this result was not a consequence
of the adoptive transfer model, because
similar phenotypic changes (CD62Llo,
KLRG-1hi) in OT-1 memory T cells were
observed when repeated LM-OVA infec-
tions were performed in the same host
(Figures S2A–S2D) and when the memory
CD8+ T cell phenotype was analyzed after
heterologous infections in the same host
(Masopust et al., 2006).
Direct comparison of Tem CD8+ T cell
populations revealed that CD62Llo 1
and 4 memory CD8+ T cells differed sub-
stantially for surface expression of a num-
ber of markers (Figures S3A and S3B).
This result, although limited by available
antibodies, suggests the intriguing possi-bility that each round of Ag stimulation further increases the
complexity of memory CD8+ T cell populations in a fashion that
may supersede current Tem and Tcm cell classifications.
Repetitively Stimulated Memory CD8+ T Cells Express
a Transcriptional ‘‘Memory Signature’’
The increase in the frequency of Tem cells and further changes
in the phenotype of Tem cells with each antigen stimulation
suggested that similar gradual changes would occur in the tran-
scriptome of the memory CD8+ T cell groups. To address this, we
used flow cytometry to sort populations of 1, 2, 3, and 4
splenic memory OT-I T cells to high purity (>99%), performed
genome-wide microarrays, and normalized mRNA expression
to that of naive OT-I T cells. Using a stringent cutoff (false
discovery rate [FDR] q < 0.01), we detected 1528 genes with
marked changes in expression in at least one of the four memory
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Figure 3. Dynamic and Stable Gene Expression in Repetitively Stimulated Memory CD8+ T Cells
(A–D) Genome-wide mRNA expression in memory OT-I T cells was analyzed via microarray and normalized to naive OT-I T cells. A false discovery rate (FDR)
q < 0.01 defined significant changes. Genes with significant mRNA changes in all memory OT-I T cell populations (1 to 4) were grouped according to gene
expression patterns: transcriptional upregulation with consistent increase (pattern I) (A), transcriptional downregulation with consistent decrease (pattern II)
(B), transcriptional upregulation with no consistent increase (pattern III) (C), or transcriptional downregulation with no consistent decrease (pattern IV) (D) from
1 to 4 memory.
(E) Biological pathway analysis of genes with significant mRNA changes in all memory CD8+ T cell populations was generated using KEGG pathway tool in
DAVID bioinformatics resources. Arrows indicate whether genes are upregulated ([) or downregulated (Y) in all memory CD8+ T cell populations when compared
to naive cells.
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quantity were substantial in all four memory cell groups. Among
this subset, analysis of gene expression patterns revealed two
groups of genes whose transcription increased (pattern I, n =
75) or decreased (pattern II, n = 19) steadily with each additional
antigen encounter (‘‘dynamic memory signature genes’’; see
Figures 3A and 3B for representative examples and Table S2for the complete list of genes). Molecules with increasing
mRNA expression included transcription factors, apoptosis
regulators, and chemokine receptors (e.g., Anxa1, CCR5). In
addition, these groups encompassed the effector molecules
Granzyme B and IFN-g (pattern I) and the chemokine receptor
CCR7 (pattern II), which are known to be essential for the antimi-
crobial properties and trafficking patterns of Tem cells (ChtanovaImmunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc. 131
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represents a ‘‘dynamic memory signature’’ consisting of genes
whose expression patterns parallel the observed phenotypic
changes in memory CD8+ T cells generated by repeated antigen
stimulation.
However, further analysis of gene expression patterns re-
vealed additional groups of genes that were differentially ex-
pressed from naive OT-I but maintained stable increased
(pattern III) or decreased (pattern IV) mRNA levels from 1 to 4
memory (‘‘stable memory signature genes’’; Figures 3C and
3D; Table S2). This subset of regulated genes includes essential
transcription factors (e.g., T-bet and Blimp-1, pattern III), the traf-
ficking molecules CD29 (pattern III) and CD103 (pattern IV), and
established memory markers (e.g., Ly6C, pattern III).
In addition to functional annotation and expression pattern
analysis of individual genes, we used DAVID bioinformatics
resources (Huang da et al., 2009) and KEGG pathway analysis
(Kanehisa et al., 2006) of the memory signature genes (patterns
I–IV, Table S2). These analyses revealed multiple pathways that
were markedly altered in all (1 to 4) memory CD8+ T cell popu-
lations compared to naive cells (examples presented in Fig-
ure 3E). Despite the difference in stimulation history, all memory
CD8+ T cells show substantial changes in their ability to produce
and respond to cytokine- and chemokine-mediated signals
(Figure 3E, cytokine-cytokine receptor interaction and JAK-
STAT signaling pathways) and in their general ability to traffic
(regulation of cytokine cytoskeleton pathway) when compared
to naive cells. Finally, 14 genes with marked alterations in
memory CD8+ T cells (including perforin, Granzyme B, and
IFN-g transcripts) are part of an NK cell-mediated cytotoxicity
pathway that further distinguishes all memory CD8+ T cells
from their naive counterparts (Figure 3E).
Taken together, these data suggest that some genes and bio-
logical pathways maintain the transcriptional changes observed
in primary memory CD8+ T cells even under conditions of repet-
itive antigen stimulations. Importantly, the sustained expression
pattern of genes in groups III and IV suggests the possibility that
these genes constitute a stimulation history-independent ‘‘stable
memory signature’’ whose expression is also independent of the
phenotypic changes associated with Tem and Tcm cell memory
lineage commitment. As such, this data subset likely contains
target genes that regulate shared and/or essential biological
attributes of memory CD8+ T cell populations.
Repeated Antigen Stimulations Expand the Number
of Differentially Regulated Genes
The changes in mRNA expression of individual genes prompted
us to test whether additional antigen stimulations also led to an
increase in the absolute number of genes with significant (FDR
q < 0.01) transcriptional changes. Surprisingly, we detected
multiple genes for which the changes in transcriptional regulation
required two (Figures 4A and 4B), three (Figures 4C and 4D), or
even four (Figures 4E and 4F) antigen encounters to reach statis-
tical significance (see Table S3 for the complete list). It seems
likely that at least some of the newly regulated genes will play
important roles in determining the function of restimulated
memory populations.
Finally, our screens identified a small group of genes whose
mRNA expression increased in 1 memory CD8+ T cells but132 Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc.then decreased with every subsequent antigen challenge
(Figure 4G; Table S3). Interestingly, this group included genes
with essential roles in basal proliferation of memory CD8+ T cells
(e.g., CD122) and adhesion or trafficking (e.g., CD11c, CD44).
These data could explain some of the functional differences
between primary and repeatedly stimulated memory CD8+
T cells. These results also show that markers that are commonly
used to identify memory CD8+ T cell populations (e.g., CD44hi,
CD122hi) may be compromised by repetitive antigen stimulations.
To validate that differences in gene transcription lead to similar
alterations in protein quantity, surface protein expression was
analyzed for a number of markers. As shown for the integrin
family (Figure 4H; Figure S5), mRNA and protein expression
correlated well for most markers analyzed. Therefore, the
observed changes in the transcriptome are likely to translate
into differences in protein expression and thus impact memory
CD8+ T cell function. These data suggest that markers identified
in our screen may aid in evaluating the complexity of memory
populations after multiple antigen encounters. For example, 1
memory CD8+ T cells should be CD11bloCD11chi, whereas 4
memory populations will be CD11bhiCD11clo (Figure 4H).
Repeated Antigen Challenges Induce a Stepwise
Diversification of Memory CD8+ T Cell Transcriptomes
To quantify the changes in gene transcription induced by
multiple antigen challenges, we next assessed the number of
differentially regulated genes for each memory CD8+ T cell pop-
ulation. Similar to previous reports (Kaech et al., 2002; Wherry
et al., 2007), we found that 1 memory CD8+ T cells differentially
regulated 364 genes compared to naive CD8+ T cells (Figure 5A).
However, each additional antigen stimulation led to a progressive
increase in the number of genes with marked mRNA changes
compared to naive CD8+ T cells, reaching 650 in 2, 930 in 3,
and 1322 in 4 memory CD8+ T cells. To compare the transcrip-
tomes of individual memory CD8+ T cell populations, we next
depicted the gene expression profiles as Venn diagrams (Fig-
ure 5B). Of the 364 genes with significant changes in mRNA
quantity in 1 memory CD8+ T cells, 317 were again significantly
(FDR q < 0.01) altered in 2 memory CD8+ T cells. A pool of genes
with similar numbers (300) was shared between 1 and 3, as
well as 1 and 4, memory CD8+ T cells.
In addition to this group of genes whose expression was
preserved in all memory CD8+ T cell populations, 2 memory
CD8+ T cells upregulated or downregulated 333 genes whose
expression had not been significantly altered in 1 memory
CD8+ T cells. Similarly, the number of genes with statistically
significant mRNA changes increased by 412 in 3 compared to
2 memory CD8+ T cells and by 478 in 4 compared to 3 memory
CD8+ T cells. Thus, each ensuing memory CD8+ T cell population
differs from its predecessor by regulation of as many new genes
as those distinguishing naive from 1 memory populations. Few
genes were exclusively altered in a single memory CD8+ T cell
population (Figure 5C). Strikingly, >200 genes required a second
antigen challenge, >300 required a third antigen challenge,
and >400 even required a fourth antigen challenge to reach
changes in mRNA expression that were significantly (FDR
q < 0.01) different from naive CD8+ T cells.
These results show that the transcriptional profile of repeat-
edly stimulated memory CD8+ T cell populations encompasses
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Figure 4. New Genes with Significant Transcriptional Regulation Appear in Memory Populations after Each Antigen Encounter
(A–G) Genes with the following expression patterns were identified: transcriptional upregulation (A) or downregulation (B) in 2, 3 and 4 memory, transcriptional
upregulation (C) or downregulation (D) in 3 and 4 memory, transcriptional upregulation (E) or downregulation (F) in 4 memory, and transcriptional upregulation
(G) in 1 memory followed by decreasing mRNA expression from 1 to 4 memory.
(H) Protein expression of CD11b and CD11c on memory CD8+ T cells 90 days after infection (see Figures 4A and 4G for mRNA expression). Representative
histograms are shown.
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memory CD8+ T cell population. However, each subsequent
antigen encounter additionally leads to stepwise and substantial
increases in the number of differentially regulated genes. There-
fore, repeated antigen challenges broaden the spectrum of
differentially expressed genes, resulting in stepwise increases
in transcriptome diversity of the ensuing memory CD8+ T cell
populations.
Repeated Antigen Stimulation Differentially Regulates
Gene Expression in Multiple Gene Families
To determine whether repeated antigen stimulation impacts
gene families with known functions in T cell biology, we next
used DAVID bioinformatics resource to assign biological func-
tions to genes with significant (FDR q < 0.01) transcriptional
regulation in any of the four memory CD8+ T cell groups (1528
genes described in Table S1). More than 700 out of 1528 genes
had known biological functions and were grouped into several
function-related classes (Table 1). This functional annotation
revealed that repetitive antigen stimulation influenced mRNA
for genes involved in T cell trafficking, effector functions, regula-
tion of transcription, lipid and protein metabolism, cell cycleregulation, intracellular signal transduction, and many more
processes.
Space limitations preclude a detailed discussion of the large
number of regulated genes identified in our microarray analyses.
However, we identified several important classes of regulated
genes that may provide targets for understanding and manipu-
lating memory CD8+ T cell populations generated by repeated
antigen stimulation. Strikingly, more than 40 transcription factors
with statistically significant changes in mRNA expression were
identified. Of these, genes that encode Ell2, Dmrt4, Hopx,
Blimp-1, Runx2, and T-bet were upregulated in all memory pop-
ulations (pattern III), whereas others like Egr2 and Helios were
downregulated (pattern IV) and thus reside in the ‘‘core memory
signature’’ subset of genes. We found multiple transcription
factors that displayed steady increases (Atf6, Ern1, Id2, Rora,
Zeb2, pattern I) or steady decreases (Aff3, Egr1, Lass6, Lef1,
Myc, Satb1, pattern II) in mRNA levels after multiple antigen stim-
ulations, which make them prime candidates as potential regula-
tors of the transcriptional diversification observed in repeatedly
stimulated memory CD8+ T cells.
All four memory groups showed significant increases in the
mRNA levels for proinflammatory chemokines CCL3, CCL4,Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc. 133
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Figure 5. Repetitive Antigen Stimulation Impacts Global Gene
Transcription in Memory CD8+ T Cell Populations
(A) Genome-wide gene transcription in 1, 2, 3, and 4 memory OT-I T cell (day
85–95 post infection) populations was analyzed via microarray and compared
to naive OT-I T cells. An FDR q < 0.01 defined statistical significance. Data
represent the number of genes with significant regulation inside each group.
(B) Venn diagram presentation of genes with significant mRNA changes in
indicated memory CD8+ T cell populations. Overlapping circles represent
the number of genes whose expression is different from naive cells but is
either shared or unique to indicated memory CD8+ T cell groups.
(C) Significantly altered genes were assessed for all four memory groups
individually. Each memory group is represented by an individual ellipse;
overlapping ellipses indicate genes shared by two or more groups.
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134 Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc.CCL5, and CCL9 (pattern I). Thus, the ability of memory CD8+
T cells to recruit other cells to sites of infection could be
enhanced by repeated antigen stimulations. Additionally,
mRNA for multiple cytokine receptors was altered by repeated
antigen stimulation. 4 memory CD8+ T cells had substantially
lower levels of Ifngr2 mRNA but higher expression of mRNAs
for Il10ra (pattern III), Il18r1, Il18rap, and the IL2Ra chain CD25
(Il2ra, pattern I), indicating a change in the responsiveness to
cytokines. The upregulation of CD25 mRNA and protein (data
not shown) in repeatedly stimulated memory CD8+ T cell popu-
lations is intriguing in light of the concurrent downregulation of
CD122 mRNA (Il2rb) and protein that we observed in 2 to 4
compared to 1 memory CD8+ T cells. At a minimum, these
data may suggest that maintenance of repeatedly stimulated
CD8+ T cells is less dependent on IL-15 signaling, which
requires CD122 (Jabbari and Harty, 2006; Sandau et al., 2010).
Additionally, the clear evidence that regulated CD25 expression
contributes to effector and memory CD8+ T cell differentiation in
the primary response (Kalia et al., 2010; Pipkin et al., 2010)
suggests that sustained CD25 expression may underlie some
of the properties of repeatedly stimulated memory CD8+ T cell
populations.
Of interest, mRNAs for numerous inflammatory chemokine
receptors (CCR2, CCR5, CX3CR1, pattern I) and integrins
(CD49d, CD11a, CD11b, pattern I) were also highly elevated.
Other markedly regulated trafficking molecules included CD18,
CD29 (both pattern III), and CD103 (pattern IV). These data
demonstrate that repeatedly challenged memory CD8+ T cells
dynamically regulate multiple trafficking molecules in addition
to CD62L and CCR7 and thus acquire novel migration properties
that could influence their protective capacity against infection.
Although we mention here only selected examples, our data
(Table 1) demonstrate a profound impact of repeated antigen
exposure on the mRNA expression of multiple gene families
that are likely to play important roles in the function of memory
CD8+ T cell populations. Clearly, the relative importance of these
regulated genes for the biology of repeatedly stimulated memory
CD8+ T cell populations will require experimental evaluation that
can now proceed from the data sets described here.
Transcriptome Comparison Reveals Major Differences
between Primary and Quaternary Memory CD8+ T Cells
Much attention has focused on differences in global gene
expression between naive and primary memory T cell popula-
tions (Kaech et al., 2002; Wherry et al., 2007). The stepwise
increase in the number of differentially regulated genes induced
by repetitive antigen stimulation suggested that the transcrip-
tomes of primary and repeatedly stimulated memory CD8+
T cells also differ substantially. To validate this assumption, the
transcriptomes of 1 and 4 CD8+ T cells were directly com-
pared. This analysis yielded 776 unique genes whose transcrip-
tional regulation classified as significantly altered (FDR q < 0.01)
between the two populations (see Table S4 for a complete list).
This number was surprisingly high, because comparison of naive
CD8+ T cells with 1 memory CD8+ T cells only yielded 364 signif-
icant changes. Subsequently, we divided the 776 genes into two
groups with either transcriptional upregulation or downregula-
tion and focused on the molecules with the most pronounced
differences in expression between 1 and 4 memory (Table S6).
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tors, trafficking molecules, and transcription factors were
represented with multiple gene family members. Of note, 6 of
the 10 genes with the most substantial transcriptional upregula-
tion in 4 memory CD8+ T cells belonged to the killer cell lectin-
like receptor group. Of interest, expression of both inhibitory
(e.g., Klra10, Klra9, Klra14, Klrg1) and activating (Klri2, Klra8,
Klrc1) receptors was increased in 4 memory CD8+ T cells. The
role of these molecules in memory CD8+ T cells is unknown;
however, our expression data suggests that killer cell lectin-
like receptors may be important targets to modulate the function
of 4 memory CD8+ T cell populations. Although expression of
the trafficking molecules CX3CR1 and CD11b was also
increased, severe downregulation was observed in the mRNA
for genes involved in steady-state trafficking into lymph nodes
(e.g., CD62L, CCR7). In addition, some trafficking molecules
that were initially upregulated in 1 memory CD8+ T cells
(CXCR3 and CD11c) exhibited a pronounced decrease in their
mRNA expression after multiple antigen exposures.
Most importantly, expression of multiple transcriptional
regulators was markedly altered. Among these, Myc, a molecule
involved in the downstream signaling of IL-15 (Bianchi et al.,
2006) and therefore in the control of basal proliferation, exhibited
the most pronounced downregulation. Furthermore, expression
of Tcf7 (TCF-1), a downstream effector protein of the Wnt
signaling pathway, was reduced. Activation of the Wnt pathway
has recently been linked to long-lived CD4+ and CD8+ memory
T cells, as well as to the arrest of effector T cell differentiation
and the generation of memory T cells with stem cell-like quality
(Gattinoni et al., 2009; Williams et al., 2008; Zhao et al., 2010).
The reduced mRNA levels of these molecules in 4 memory
CD8+ T cells provides a possible explanation for the continuous
decline in numbers that we have observed in repeatedly stimu-
lated memory CD8+ T cells (Figures S1C and S1D). In contrast,
the expression of the transcription factors Rora (RAR-related
orphan receptor alpha) and Zeb2 (SIP1) increased with repetitive
antigen stimulation. The ROR family possesses well-known
functions in CD4+ T cell differentiation (Ivanov et al., 2006;
Yang et al., 2008), but a role in CD8+ T cells has so far not
been shown. Zeb2 is of particular interest because it functions
as a transcriptional regulator that is able to repress cell cycle
progression (Mejlvang et al., 2007) and inhibit telomerase
expression (Lin and Elledge, 2003), two cellular processes that
could impact the proliferative capacity of 4 memory CD8+
T cells.
To further validate and confirm the assumption that the
number of antigen encounters influences the differentiation of
memory CD8+ T cells, we performed KEGG biological pathway
analyses with all genes listed in Table S4. Of 776 input genes,
675 were annotated in the DAVID database. Importantly, multiple
biological pathways with significant changes between 1 and 4
memory CD8+ T cell populations were identified (examples
presented in Figure 6A). Although cytokine-cytokine receptor
interaction and NK cell-mediated cytotoxicity pathways were
substantially altered in all memory CD8+ T cells when compared
to naive cells (Figure 3E), significant changes in these pathways
(21 and 12 genes, respectively) were observed when 1 and 4
memory CD8+ T cells were compared (Figure 6A). Therefore,
repeated antigen stimulations further change the ability ofmemory CD8+ T cells to produce and respond to cytokines
and chemokines. These data also suggest that memory CD8+
T cell function (e.g., cytotoxicity) might be influenced by the
number of antigen encounters, a notion that may be exploited
in vaccine design. 4 memory CD8+ T cells also show significant
changes in cellular metabolism (polyunsaturated fatty acid
biosynthesis pathway) and expression of adhesion molecules
(cell adhesion molecules pathway). Finally, the most dramatic
changes observed from the pathway analyses were among
ribosomal subunits (Figures 6A and 6B). Of the ribosomal subunit
genes (ribosome pathway, Figure 6A), 44 were downregulated in
4 memory CD8+ T cells (p = 1.13 1031, Figure 6B), suggesting
that the translational machinery might be impaired.
Recently, a similar downregulation of the ribosome pathway
and poor proliferative responses were reported for exhausted
CD8+ T cells when they were compared to 1 memory CD8+
T cells (Shin and Wherry, 2007; Wherry et al., 2007). To determine
whether 4 memory CD8+ T cells share a gene expression profile
with exhausted CD8+ T cells, we performed gene set enrichment
analysis (GSEA) comparing upregulated and downregulated
gene sets from exhausted memory CD8+ T cells (Wherry et al.,
2007) with our 4 memory CD8+ T cell populations, both relative
to 1 memory populations. GSEA uses enrichment scores to
determine relative enrichment of one gene set in a ranked list
of genes (Haining and Wherry, 2010; Subramanian et al., 2005).
In the gene set (n = 119) with downregulated mRNA expression
in exhausted memory CD8+ T cells, about 1/3 were enriched in
4 memory populations. These included multiple members of
the ribosomal subunit family, a KEGG pathway that is signifi-
cantly downregulated in 4 memory populations, as defined in
Figure 6B. However, 2/3 of the downregulated genes were
not shared between these populations, and, in fact, 15% of
the genes downregulated in exhausted CD8+ T cells were upre-
gulated in 4 memory (Figure 6C; Table S5). Similarly, only 1/4
of the genes with upregulated mRNA expression in exhausted
CD8+ memory (n = 86) were shared by 4 memory populations,
and again, 15% of the upregulated genes in exhausted
memory CD8+ T cells were actually downregulated in 4 memory
populations (Figure 6C; Table S5). Interestingly, although defi-
cient in proliferation (antigen-driven expansion, Figure 1A;
Figure S1B), homeostatic proliferation (Figure 1C), and survival
(Figures S1C and S1D), the 4 memory CD8+ T cell population
did not show the inhibitory receptor patterns observed in
exhausted CD8+ T cells (Figure 6D). Thus, although gene expres-
sion patterns of exhausted and 4 memory populations
exhibit 25%–35% overlap, a large number of genes are differen-
tially expressed between these populations, suggesting that
they possess unique genetic signatures and, likely, functional
attributes.
Taken together, these pronounced differences in gene regula-
tion between 1 and 4 memory CD8+ T cells suggest that the
transcriptome of repeatedly stimulated memory CD8+ T cells is
unique and substantially different from exhausted or 1 Tem
and Tcm memory CD8+ T cells. The fact that a substantial
number of the differentially regulated genes in 4 memory
CD8+ T cells have no known function in CD8+ T cell biology
suggests that the spectrum of genes that play a role in repeat-
edly stimulated memory CD8+ T cells is much broader than
that of ‘‘classic’’ primary memory CD8+ T cells.Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc. 135
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Figure 6. Similarities and Differences between Primary and Quaternary Memory and Exhausted CD8+ T Cell Populations
(A) Genes with significant mRNA changes between 1 and 4 memory CD8+ T cells (Table S4) were evaluated using KEGG pathway analysis in DAVID. Arrows
indicate whether genes are upregulated ([) or downregulated (Y) in 4 compared to 1 memory CD8+ T cells.
(B) Fold changes in mRNA of ribosomal genes in 4 compared to 1 memory CD8+ T cells.
(C) Gene set enrichment analysis was performed to compare whether exhaustion-associated genes (down [left] or up [right]) showed specific enrichment in 4
memory CD8+ T cells. Rectangles with solid lines indicate upregulated or downregulated genes common to exhausted and 4 memory CD8+ T cells. Rectangles
with dotted lines indicate genes showing opposite expression patterns between exhausted and 4 memory CD8+ T cells. Genes are shown in Table S5.
(D) Fold changes in mRNA quantity for selected inhibitory receptors (implicated in exhausted CD8+ T cells [Shin et al., 2009]) in 4 compared to 1 memory CD8+
T cells.
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Table 1. Functional Annotation of Genes with Significant Regulation in One or More Memory CD8+ T Cell Populations
Biological functions were assigned to genes with significant changes in transcription in at least one of the four memory CD8+ T cell populations. To
reduce the number of genes displayed, only genes with an mRNA increase >2-fold in at least two memory CD8+ T cell populations or an mRNA increase
>3-fold in at least one memory CD8+ T cell population are shown. Genes were grouped according to their biological function and put in alphabetical
order. Nonsignificant changes for a comparison are blank.
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The data presented here provide new insights into the process
of memory differentiation in general and the influence of
repeated antigen exposures on memory CD8+ T cell function
and differentiation in particular. Although multiple genes are
regulated during the generation of functional CD8+ T cell
memory, it is unknown for most of them whether they are essen-
tial or dispensable in this process. In the current study, we have
identified a core group of genes and pathways whose expres-
sion is substantially altered compared to naive CD8+ T cells,
regardless of the number of past antigen exposures (‘‘stable
memory signature genes’’). This finding reveals a group of
CD8+ T cell-related memory genes that could identify antigen-
experienced memory CD8+ T cells and lead to the discovery of
new molecules and pathways involved in memory differentiation.
Additionally, genes from the ‘‘dynamic memory signature
group,’’ in conjunction with molecules that are differentially
regulated after a specific number of antigen encounters, could
be helpful in determining the number of past antigen exposures
in memory CD8+ T cells.
Differences in memory CD8+ T cell function are often attributed
to differential commitment to the Tem or Tcm cell lineage (Sal-
lusto et al., 1999; Wherry et al., 2003). Our results demonstrate
dynamic changes in gene expression in repeatedly stimulated
memory CD8+ T cell populations that contrast with their
apparent uniform Tem cell lineage commitment (CD62Llo).
Therefore, changes in gene expression in repeatedly stimulated
memory CD8+ T cell populations could be due to altered subset
(Tem:Tcm) ratios of each memory population without major
changes in gene expression within individual cells. Alternatively,
repeated antigen stimulation may alter gene expression within
each cell in the ensuing memory CD8+ T cell populations. Dispa-
rate studies suggest that Tem and Tcm memory CD8+ T cell
subsets differ modestly (Chtanova et al., 2005) or substantially
(Willinger et al., 2005) in their transcriptional profiles. GSEA anal-
yses performed on the list of genes that are upregulated in Tem
(Willinger et al., 2005) showed no progressive enrichment in
‘‘effector memory’’-associated genes in 2, 3, and 4 memory
populations (data not shown). Given the large number of genes
exhibiting differential regulation between 1 and 4 memory
CD8+ T cell populations, the phenotypic differences between
1 and 4 CD62Llo memory populations, and the lack of progres-
sive Tem gene enrichment in 2, 3, and 4 memory populations,
we favor the interpretation that repeated antigen stimulations
alter gene expression within each cell. Complete resolution
of this issue awaits deep sequencing (mRNA-seq) on the
single-cell level (Tang et al., 2009). Importantly, our data also
demonstrate that repeated antigen exposure evokes not only
pronounced changes in the expression of individual genes but
also a substantial numerical increase in differentially regulated
genes. Therefore, the formation of primary memory CD8+
T cells represents only an initial step in a progressive differentia-
tion process. In fact, each antigen stimulation increases the
number of regulated genes in the ensuing memory population
by as many genes as are differentially regulated between naive
to 1 memory populations. Thus, our study reveals a novel and
unexpected diversity in memory CD8+ T cell gene expression
that is driven by repetitive antigen stimulations.138 Immunity 33, 128–140, July 23, 2010 ª2010 Elsevier Inc.Interestingly, comparison with published data from human
studies revealed that repeatedly stimulated memory cells shared
many markers with senescent human T cells (Koch et al., 2007),
namely CD244, CD49d, CCR7, CD27, KLRK1, KLRC3, and
KLRG1. Expression of other markers like CD28, CD57, and
CTLA4, however, did not correlate well with that shown for
senescent human T cells. Similar to our comparison of 4
memory with exhausted CD8+ T cells, these results suggest
that repeatedly challenged memory CD8+ T cells clearly repre-
sent novel populations with a unique transcriptional profile,
despite some similarity with senescent and exhausted CD8+
T cells.
Changes in the transcriptional profiles of multiply stimulated
memory populations have important implications for the function
of memory CD8+ T cells. The heterogeneity of repeatedly
stimulated memory CD8+ T cells has to be considered when
prime-boost regimens are employed to increase memory CD8+
T cell numbers because of the possible impact on memory
CD8+ T cell function. In this regard, limited studies to date
suggest that protection by memory CD8+ T cells can be
enhanced by repetitive antigen stimulation (Jabbari and Harty,
2006). Therefore, it will be critical to determine how the altered
transcriptomes in repetitively stimulated memory CD8+ T cells
influence protection against diverse pathogens.
Additionally, our results may offer insight into the memory
CD8+ T cell response to repeated infections with pathogens
such as Plasmodium or reactivating latent infections with herpes
viruses. Furthermore, the pronounced differences in molecular
profile potentially offer unique opportunities to selectively target
repeatedly stimulated memory CD8+ T cells without detrimental
side effects to primary memory CD8+ T cells. The data presented
here could therefore lead not only to a better understanding of
the function of repeatedly stimulated memory CD8+ T cells but
also to the identification of new molecular targets that help
control these cells in infectious, autoimmune, and oncological
diseases.
EXPERIMENTAL PROCEDURES
Mice and Bacteria
C57Bl/6 mice were obtained from the US National Cancer Institute. T cell
receptor transgenic OT-I Thy1.1 mice were previously described (Hogquist
et al., 1994). All mice were used at 612 weeks of age. Mice were bred
and maintained in the animal facilities of the University of Iowa at the
appropriate biosafety levels. Attenuated actA-deficient Listeria monocyto-
genes expressing ovalbumin (attenuated LM-OVA) was grown, injected
intravenously, and quantified as described (Haring et al., 2005). All animal
experiments followed approved Institutional Animal Care and Use Committee
(ACURF) protocols.
Antibodies
The following antibodies were used with the indicated specificity and the
appropriate combinations of fluorochromes: Thy1.1 (OX-7 or HIS51) and
CD62L (MEL-14, both BD PharMingen), CD8 (53-6.7), CD25 (PC61.5),
CD122 (5H4), CD27 (LG.7F9), CD11a (M17/4), CD11b (M1/70), CD11c
(N418), CD103 (2E7), CD29 (eBioHMb1-1), CD49d (R1-2), KLRG-1 (2F1),
CXCR3 (Cxcr3-173), IFN-g (XMG1.2), TNF (MP6-XT22), IL-2 (JES6-5H4, all
eBioscience), and appropriate isotype controls. For analysis of BrdU incorpo-
ration, mice were injected intraperitoneally with 2 mg BrdU at the beginning of
the time period studied and given drinking water containing 0.8 mg/ml BrdU.
Fourteen days later, CD8+ T cell proliferation was assessed in peripheral blood
and tissues using the FITC BrdU Flow Kit (BD PharMingen).
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For adoptive transfer of naive CD8+ T cells, 5 3 102 Thy1.1 OT-I T cells
from peripheral blood were injected intravenously into naive Thy1.2 C57Bl/6
mice (Badovinac et al., 2007). To transfer memory OT-I T cells, we euthanized
LM-OVA immune mice containing memory OT-I T cells at indicated time
points. Percentage of OT-I T cells in total spleen cells was determined by
fluorescence-activated cell sorting (FACS), and a spleen cell mixture
containing 6 3 104 memory OT-I T cells was injected into naive Thy1.2
C57Bl/6 mice. Recipient mice were immunized 24 hr after the adoptive transfer
by intravenous injection of 5 3 106 cfu actA-deficient LM-OVA.Quantification of CD8+ T Cell Responses
CD8+ T cell responses were analyzed in peripheral blood (PBL) samples by
FACS analysis for Thy1.1 transgenic OT-I T cells. For quantification of
antigen-specific CD8+ T cell responses and assessment of CD8+ T cell tissue
distribution, mice were euthanized at the indicated time points and perfused
through the heart with phosphate-buffered saline prior to harvesting the
organs. Single-cell suspensions were prepared from organs or PBL and
analyzed for Thy1.1 positive OT-I T cells by FACS analysis. Peptide-stimulated
intracellular cytokine staining was performed in peripheral blood samples as
previously described (Badovinac et al., 2002).Microarray Data Acquisition
1, 2, 3, or 4 OT-I T cells were FACS sorted from individual mice at
85–95 days after the last infection with attenuated LM-OVA. OT-I T cell
populations were approximately 99% pure and vital. Absolute CD8+ T cell
yields ranged from 63 104 to 53 105 T cells per sorted sample. Three samples
from individual mice were obtained for each memory CD8+ T cell group. For 4
memory CD8+ T cells, spleens from two to three mice were pooled to obtain
sufficient CD8+ T cell numbers for each of the three samples. RNA was
extracted using the RNEasy Kit (QIAGEN), and 5–50 ng of total RNA was
used for microarray analysis. RNA quality was assessed using the Agilent
Model 2100 Bioanalyzer. RNA for the microarray was processed using the
NuGEN WT-Ovation Pico RNA Amplification System along with the NuGEN
WT-Ovation Exon Module. Samples were hybridized and loaded onto Affyme-
trix GeneChip Mouse GENE 1.0 ST arrays. Arrays were scanned with the
Affymetrix Model 7G upgraded scanner, and data were collected using the
GeneChip Operating Software. GSEA was performed as described (Haining
and Wherry, 2010; Subramanian et al., 2005).Microarray Data Analysis
Data from the Affymetrix Mouse Exon 1.0 ST arrays were first quantile normal-
ized and median polished using Robust Multichip Average background correc-
tion with log2 adjusted values. Partek batch correction was used to remove
variation due to the hybridization batch. Naive cells were assayed in both
hybridization batches to provide a common reference to facilitate this
correction. Probe sets for exons were then summarized for a specific gene
using the median value. After obtaining log2 expression values for genes,
significance testing was performed using analysis of variance (ANOVA). The
ANOVA model compared the five different CD8+ T cell groups (naive, 1, 2,
3, and 4 memory). Linear contrasts were used to compare specific subsets
of the ANOVA model. FDR correction was applied to all of the p values to
correct for multiple testing. Significance was assessed by an FDR q < 0.01.
Analysis and visualization were done in PartekGS software.
Functional assignment of the genes was performed using the ‘‘Functional
Annotation Tools’’ in DAVID bioinformatics resources (http://david.abcc.
ncifcrf.gov) following recommended protocols (Huang da et al., 2009).
Functional categories were listed in a priority order based on our interpretation
of its relevance in CD8+ T cell functions. Genes that appeared in a higher-
priority functional category were not included in categories with lower priority,
such as in Table 1. Some additional groups (e.g., killer cell lectin-like receptors)
were added manually. The total number of genes shown was reduced by
excluding genes with low absolute changes in mRNA quantity, as indicated
in Table 1. Enrichment of genes in known pathways was analyzed using the
KEGG pathway tool, and GSEA was performed as described (Haining and
Wherry, 2010; Subramanian et al., 2005).ACCESSION NUMBERS
The microarray data are available in the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/gds) under the accession number
GSE21360.
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The Supplemental Information includes four figures and six tables and can be
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